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Communicated by David Nachmansohn, July 24, 1968 The initiation and propagation of impulses in nerve and muscle cells depend on specific mechanisms for rapid and reversible changes in the ion permeability of their limiting membranes. A number of antibiotics have been shown to increase markedly the ion permeability of a variety of cellular membranes (see, for example, refs. 1-7) and artificial lipid membranes (for example, refs. 3 and 8-10). Moreover, it has been shown that one such antibiotic, alamethicin, can induce action potentials in an artificial thin lipid membrane system.'1 It was of interest, therefore, to test the effect of such antibiotics on natural excitable membrane systems. The electroplax of Electrophorus electricus is a particularly suitable cell for such a study. The role of this large, flat cell, derived from muscle, is the generation of transcellular current, which is a consequence of a functional asymmetry: the membrane on one side of the cell is innervated and is chemically and electrically excitable, while that on the other side is neither innervated nor excitable.'2', 1 The single-cell preparation of the electroplax14-17 has been most useful in studying the chemical basis of bioelectrogenesis (for reviews, see refs. 18 and 19). Also, in this cell, changes in membrane permeability and in internal ion concentrations can be estimated from measurements of transcellular and transmembrane electrical potential differences. 20' 21 Since solutions may be separately applied to the innervated and to the noninnervated membrane and since the potential differences across these two membranes may be measured independently, this preparation affords the possibility of comparing the effects of the antibiotics tested on functionally different membranes in the same cell. We describe the effects on the electroplax of three antibiotics: valinomycin, which, in the systems tested previously, increases potassium ion permeability very markedly and specifically relative to sodium ion;3'-9 gramicidin D, which shows little discrimination between sodium and potassium ions, increasing permeability to both;2' 3' I and amphotericin B, which seems capable of producing a general increase in permeability to cations, anions, and small, uncharged solute molecules.5 10 Figure 1 , 0.1 Mg/ml of gramicidin (ca. 5 X 10-8 M) was added to the innervated side of the electroplax. After a lag of approximately 40 seconds, VI and VN began to decrease and VN -I to increase. After gramicidin had been applied for two minutes, it was washed out with Ringer's solution. VI, VN, and VN -I continued to change, the differences from the base line reaching a maximum in two to four minutes; thereafter, VI, VN, and VN -I slowly returned to their initial values. In this case, 40 MM carbamylcholine was applied to the innervated membrane before full recovery from gramicidin treatment. The response is not appreciably different than the initial response to the same concentration of carbamylcholine if account is taken of the already depolarized state of the cell. After the carbamylcholine was replaced with Ringer's solution, the recovery of the potential differences to their base lines continued. The subsequent application of the same concentration of gramicidin to the noninnervated side for 30 minutes had no effect on VI, VN, or VN -1, on the response to carbamylcholine, or on the recovery from this response. In eight experiments that are directly comparable, application of 0.1 Ag/ml gramicidin to the innervated membrane for two to three minutes, followed by application of Ringer's solution for two minutes, resulted in an average decrease in VI of 15. often incomplete. On the other hand, application of 1 jig/ml gramicidin to the noninnervated membrane for 30 minutes had no appreciable effect.
Amphotericin B appears to act similarly to gramicidin, except that comparable changes in VI, VN, and VN -I are obtained at a higher concentration, and these changes are reversed more quickly than with gramicidin. As shown in Figure 2 , 10 jg/ml (approx 1 X 10-5 M) amphotericin B can be applied repeatedly with nearly identical responses. The average decrease in V, when 10 ,ug/ml amphotericin B is applied for four minutes is 20 i 2 mv. As in the case of gramicidin, amphotericin has no lasting effect on the depolarization by carbamylcholine. Applied to the noninnervated membrane, a tenfold higher concentration (100 pig/ml) has no effect in 15 minutes. Valinomycin acts differently than the previous two antibiotics. When applied to the innervated membrane at 1 ,ug/ml (approx 9 X 10-7 Mi) for five minutes, it is without effect on the potential differences (Fig. 3) . After the valinomycin has been washed out for [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] minutes with Ringer's solution, if carbamylcholine is applied to the innervated membrane, it elicits a response nearly identical with the initial response to carbamylcholine. However, after the carbamylcholine is replaced with Ringer's solution and after VN -I has returned nearly to zero and VN and V, have returned to the initial resting potential (after a typical overshoot), VN and V, then fall steadily (and equally) to zero. At this concentration of valinomycin, the behavior shown in Figure 3 is typical, although sometimes more than one application of carbamylcholine is needed to obtain complete depolarization. At higher concentrations of valinomycin, irreversible depolarization is observed without prior application of carbamylcholine and, in this case also, V, and VN fall equally so that VN-I equals zero. In contrast to the other two antibiotics, valinomycin did act when Discussion.-An interpretation of the changes in V1, VN, and VN -Iin terms of the relative permeability of sodium and potassium and of their intracellular concentrations has been given and has been applied to the effects of acetylcholine and its congeners, such as carbamylcholine, on the electroplax.A' In general terms changes in VN -can be related primarily to changes in the relative permeability of the innervated membrane to sodium and potassium ions, whereas changes in VN can be related primarily to changes in the intracellular concentrations of these ions. Changes in VI are dependent, then, on both the permeability changes and the concentration chansges. On the basis of this interpretation and the previously described properties of grainicidin and amphotericin, we may rationalize their effects on the innervated membrane of the electroplax. Both these antibiotics would be expected to be capable of increasing the permeability of a membrane to both sodium and potassium ions. Since the potassium ion permeability is initially much higher than that of sodium (of the order of 100-fold higher21), additive increases in both would increase sodium permeability more, relatively, and a depolarization would result. 21' 24, 25 Thus, the action of the two antibiotics can be explained in the same physical terms as the depolarizing action of acetylcholine and its congeners. The difference is, however, that the action of acetylcholine is mediated through a specific receptor in specialized cells, whereas the action of these antibiotics is VOT. 61, 1968 general. The separation of the sites of action of carbamylcholine and of these antibiotics is indicated by the fact that the response to carbamylcholine is not directly affected by them. Moreover, d-tubocurarine, at a concentration (10-5 M) which would completely block the action of 40 ,Mll carbamylcholine,17 has no effect on the depolarization by gramicidin.
In contrast with gramicidin and amphotericin, valinomycin does not primarily depolarize the electroplax. This is consistent with the reported high specificity of valinomycin for potassium ion relative to sodium ion.2' 3, 6-9 The fact that the effect of valinomycin becomes manifest only after stressing the cell with carbamylcholine or after prolonged application is reminiscent of the similar effects of N-ethylmaleimide26 and of ouabain.2' Both of these latter agents also inhibit recovery from depolarization when applied to either side of the cell. A reasonable hypothesis is that valinomycin acts in this case by affecting the energized mechanisms1' 27 involved in maintaining intracellular ion concentrations. When the cell is depolarizing under the influence of valinomycin, the transcellular potential (VN-') is zero; hence, according to the interpretation given above, this depolarization is not due to an increase in the ratio of the permeabilities of sodium and potassium ion for the innervated membrane but is due rather to a change in intracellular ion concentrations.
The lack of a detectable effect of gramicidin and of amphotericin when added to the noninnervated membrane is unexpected in view of the sensitivity of a large variety of natural and artificial membranes to these and similar antibiotics. It has been reported that amphotericin B does not act on bacterial membranes28 or artificial membranes10' 22 lacking sterols. However, gramicidin is not known to have such a requirement. Another explanation must, therefore, be sought for the lack of sensitivity of the noninnervated membrane to these two antibiotics. Perhaps because the noninnervated membrane is specialized in that, despite being part of the cell membrane of an excitable cell, it does not respond to either chemical or electrical stimuli with a permeability change and in fact maintains a "normal" high permeability to potassium and low permeability to sodium, it may possess a particularly resistant barrier to sodium ions. By the same reasoning, the innervated membrane might possess special "unprotected" areas susceptible to perturbation either by the activated acetylcholine-receptor or by these antibiotics.
Summary.-Three antibiotics known to affect membrane permeability were tested on the electroplax. Two of these antibiotics, gramicidin D and amphotericin B, cause reversible depolarization of the innervated membrane which can be attributed to an increase in the permeability of sodium ion relative to potassium ion. Neither of these antibiotics had any appreciable effect when applied to the noninnervated membrane of the electroplax. A third antibiotic, valinomycin, acts when applied to either membrane and appears to inhibit the energized mechanisms involved in maintaining the intracellular ion concentrations.
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